One of the main causes of distress in asphalt pavements is water damage. The purpose of this paper is to compare different test methods to evaluate moisture susceptibility. This is of special importance because of the insufficient effectiveness of the test procedures currently used. In this research, experiments were conducted to investigate the effects of water and temperature on mechanical properties of mixtures with different air void content. The evaluation of such properties concentrates on the following three approaches: innovative (Coaxial Shear Test), traditional (Indirect Tensile Test) and empirical (Cantabro Test). Specimens were prepared by means of Superpave Gyratory Compactor (SGC) and divided in two different subsets for controlled dry and wet conditioned testing. Test results indicated that the Indirect Tensile Test (IDT) is not able to discriminate between wet and dry condition as the Coaxial Shear Test (CAST) does. The CAST method reproduces closest the real field conditions and indicates clearly the risk of water damage for open graded mixtures (high air void content). Dense graded mixtures (low air void content) showed less influence probably due to the reduced amount of penetrating water. Cantabro Tests (CAT) provided also significant results in good correlation with air void content and material properties of asphalt mixes.
INTRODUCTION
Water is a primary cause of premature failure of asphalt pavements since it accelerates or causes typical pavement distresses such as bleeding, rutting, cracking, raveling and localized failures (potholes) [1] .
Two mechanisms are related to water damage: adhesive failure and cohesion failure [1] .
Adhesion is a physical property that is defined as molecular attraction force by which one body bonds to another of different nature. Adhesive failure occurs when water penetrates between the bituminous binder film and the aggregate, thus breaking R. Gubler 1 adhesive bond and generating progressive stripping [2] . Four theories are used to explain the adhesion between binder to aggregate: chemical reaction, molecular orientation, mechanical adhesion [3] and surface energy [4] . Cohesion, on the other hand, is a physical property that is defined as intermolecular attraction force by which one single substance, e.g. the bituminous binder, is held together. Cohesion failure is associated with a reduction in stiffness and strength of the asphalt mixtures [2] .
As a function of the pavement properties, weather conditions during construction, environment effects after construction [2] and pavement subsurface drainage [5] , the described mechanisms can generate five different effects: detachment, displacement, spontaneous emulsification, pore pressure and hydraulic scour [3] .
The nature and the growth rate of the previous effects are associated with static and dynamic processes. Static processes cause weakening of adhesion between binder and aggregate [3] or structural destruction after freeze thaw cycles [2] . In case of water saturated pavements, the dynamic processes are directly related to traffic action which generates tension and water pressure in pores. This process starts when the water is allowed to circulate freely through the interconnected voids [6] . An overview is given in [7] Nowadays, water sensitivity of asphalt pavements is investigated using rather simple tests which can be subdivided in two groups:
(1) loose mix tests to determinate aggregate coating properties during water immersion or in boiling water (qualitative); (2) tests on compacted mixes to evaluate the retained strength or stiffness or, more generally, the mechanical properties (quantitative). Tests on compacted mixes include both tests on specimens previously treated with water and tests that consider the combined interaction of loads, temperature and water. The main advantage of the last category of tests is that physical and mechanical properties can be evaluated by simulating traffic and environment conditions [8] . To reproduce real field conditions the development of the mechanical properties of specimens under combinations of repeated loading, water immersion and temperature cycles, must be studied.
For this reason the present study is focused on different test methods on compacted specimens to determinate water sensitivity. Of particular interest is the laboratory performance of controlled dry and wet conditioned selected mixture specimens with different air void content.
LABORATORY INVESTIGATION

Mixtures characteristics
Two types of mixtures were investigated in this study are called dense graded and open graded for convenience. The dense graded mixture was sampled from a mixture-plant. The open graded mixture prepared in laboratory was designed to be compacted to air voids ranging from 12 to 25%. This allowed covering a total range of air voids from 6 to 25%. Gradation and type of aggregates are described in Table 1 .
Conventional bitumen was used in the dense graded mixture and SBS polymer modified bitumen in the open graded mixture. The binder contents are 5.3% and 5.5% by weight, respectively. The characteristics for both binders are summarized in Table 2 .
Experimental program
Specimens were compacted with the Superpave Gyratory Compactor (SGC). A set of 66 specimens was produced to determine water sensitivity of the mixtures using CAST or IDT test method. Another set of 12 specimens was used to identify abrasion resistance of the mixtures by means of the CAT test method. The experimental program provided information to rank the relative performance of the mixtures with different air void content. Table 3 shows the specimen series used for CAST, IDT and Cantabro test. 
EQUIPMENT
Superpave Gyratory Compactor SGC
The compacted specimens were produced following the European standard [9] . The Superpave Gyratory Compactor (SGC) produces asphalt mixture specimens simulating the compaction conditions in the field. The 150 mm diameter mould is capable of accommodating large aggregate size mixtures. The asphalt mixture specimens are compacted at a constant pressure of 600 kPa, while the upper part of the mould simultaneously rotates around the vertical axis with a speed of 30 rpm and a nominally constant angle of 1.25° [9] . The rotation generates shear stresses in the specimen creating a kneading of the material and facilitating reorientation of the aggregates. By knowing the mass of the specimen and the height of the specimen, specimen density can be estimated.
Parallel cutting was carried out on each specimen to extract its middle part for CAST and IDT testing. Since the SGC is not able to compact homogeneously [10] , the air void content of the middle part was measured confirming a slight difference compared to the whole specimen.
Coaxial Shear Test CAST
The Coaxial Shear Test (CAST) equipment was used to determine the evolution of the mechanical properties under combined water action and temperature cycles.
The test method produces mechanical damage due to repeated loading, temperature cycles and water immersion (in case of wet test). The central core is connected with the servo hydraulic testing machine which applies a controlled sinusoidal vertical displacement (Fig. 1a) . Complex modulus and phase angle of the material is calculated based on finite element method [11] .
The mixtures were compacted with SGC to prepare typical CAST specimens (diameter d = 150 mm and height h = 55 mm). After parallel cutting of the middle part, the specimen was centrally drilled with a diameter of 55 mm. The inner and outer lateral surface of the specimen were sealed with epoxy resin and glued into the testing mould. Then the specimen was fixed in the climatic chamber and the test parameters were entered in the corresponding software. Table 4 presents the test conditions data and the typical dimensions of the specimens.
Indirect Tensile Test IDT
The indirect tensile test (IDT) was used to determine the effect of water on the indirect tensile strength (ITS) of asphalt mixtures according ASTM standard D 4867 [12] and to compare compacted specimens with different air void content.
The mixtures were compacted with SGC to prepare specimens with a diameter equal to 150 mm and a height of 75 mm (after parallel cutting of the middle part).
With the testing apparatus a diametral line load is applied by imposing a deformation of 50 mm/min until the maximum failure strength is reached and recorded. 
Cantabro test CAT
The Cantabro test was used to evaluate the effect of water on the abrasion resistance of a paving mixture. Cantabro test is generally considered as good indicator for the bonding properties between binder and aggregates.
The Los Angeles Rattler without steel balls is used. The machine operates for 300 revolutions at a speed of 30 to 33 rpm.
The mixtures were compacted with SGC to obtain specimens with diameter of 100 mm and height of 63 mm.
Each test specimen was weighed to the nearest 0.1 g (P 1 ) at 25°C and it was placed in the Los Angeles Rattler. After 300 revolutions the test specimen was removed and its mass was determined to the nearest 0.1 g (P 2 ). The percentage abrasion loss (P) was calculated according to the following Equation (1) [13] :
RESULTS AND DISCUSSIONS
Water damage test with CAST method
In wet test an aluminium disc was used as support under the specimen to keep it saturated during the test. The specimen was flooded with water from below until its upper surface was covered by a 10 mm thick water layer. A hood was placed above the steel ring surface to reduce the water evaporation. Figs. 1a) and 1b) show the differences between dry and wet tests.
Previous research on fundamental properties of bituminous mixtures in fatigue tests [14] concluded that two important factors influence the measured properties and create additional scattering of the results of the water damage test with CAST.
The first factor takes into account that at the beginning of a fatigue test, the modulus drops considerably during the first half hour [15] . This phenomenon can be partially attributed to an initial setting effect within the material where the internal stress is redistributed. It can also be partially due to moderate temperature increase in the specimen resulting from cyclic loading [15] . The simplest way to handle this effect would be to consider only the temperature decreasing ramp for data evaluation.
The second factor is related to the thermal state at the beginning of the test, which differs significantly from the state at later temperature cycles [14] . Before the beginning of the test, the specimen is kept for at least two hours at 27°C to ensure thermal equilibrium; but this is not true at the beginning of the later temperature cycles because they are preceded by earlier cycles. Thus, the material is not in a steady thermal state. To limit the effects related to the deviation from thermal equilibrium, a low temperature rate of 1°C per hour was applied during the ramps.
Figs. 2 and 3 show the development of the modulus, the phase angle and the temperature as a function of time. It can be seen that the modulus in the wet test (Fig. 3) decreases more quickly in the wet test than in the dry test (Fig. 2) . To demonstrate the difference, the sample with the more pronounced damage evolution is shown in Fig. 3 , whereas Fig. 5 shows the test of the other sample. Note, that differences encountered in the modulus can be generally explained by:
• the influence of water;
• the normal variability of asphalt specimens;
• variability in the penetration of the glue into pores of the asphalt; • variability of the nominal thickness of the glue (deviation from axial symmetry); • scatter of the test itself (being typically in the range of 2% to 3%). Figs. 4 and 5 show the black diagrams, i.e. the modulus (E*) plotted versus phase angle, for the decreasing ramps of temperature for the dry (Fig. 4) and wet (Fig. 5) test on the open graded mixture. For the wet test, the ramps are clearly separated, the first ramp being at the highest, the last one at the lowest positions. Since the only difference between the tests is the presence of water, this evolution can be attributed to the influence of water. Similar results were obtained from other authors who studied the influence of water on mechanical properties [16] .
The well compacted dense graded mixtures do not show water damage and the poorly compacted dense graded shows limited water damage. Probably, compacted specimens limit the drop of modulus because there are more points of contact between the aggregates, low permeability and mechanical interlocking. Table 5 shows the average of the characteristic modulus (E*) per temperature cycle for dense graded mixtures, i.e. the average of the modulus values recorded during the downward ramps in the selected gap between 30 °C and 27.2°C. This choice excludes measurements between 32 °C and 30 °C where the specimen is still influenced by the preceding ramp of increasing temperature. Confirming previous experiments [15] , the drop of modulus value is more important between the first and the second cycle than later indicating that the damage accumulation is not a linear process. Fig. 6 shows the average of characteristic modulus as function of the number of temperature cycles for dense graded mixtures. The decrease of modulus with increasing number of cycles clearly demonstrates the damage accumulation from one temperature cycle to the other. For the series with 11% nominal air void content the wet trend line decreases more quickly than the dry trend line; this evolution can be attributed to the influence of water. For 7% nominal air void content the wet trend line is about parallel to dry trend line. Therefore water does not influence the damage evolution of this series significantly. Strangely enough, the trend line for the dry specimens with 7% nominal air voids is lower than for the wet ones. Since this is not plausible it must be assumed that other effects, e.g. differences in production of the mixtures or preparing the specimen, were predominant in this case. In order to study these effects in more detail, scatter must be reduced and more than only two replicas should be tested in future. Note, however, that the scatter does not obscure the clear influence of air void content on the stiffness. Table 6 shows the averages of the characteristic modulus values per cycle for open graded mixtures. These averages are conduced from two similar samples for each series. As previously described the damage accumulation does not result in a linear process. Fig. 7 shows the average of characteristic modulus values as function of the number of temperature cycles for open graded mixtures. It shows the damage accumulation from one temperature cycle to the other. As it can be seen the modulus decreases as the cycle number increases. It can be noted that the trend lines for the wet specimens decrease more quickly than for the dry ones; this evolution can be attributed to the influence of water, eased by high permeability, the fewer points of contact and interlock in the aggregate skeleton.
In order to facilitate the assessment of the behaviour in the dry and wet state, a water damage index is introduced. This index is defined as the difference of average modulus reduction between dry and wet test following Equation (2):
where: WDI : Water damage index; VW1: Average modulus reduction on the first wet test; VW2: Average modulus reduction on second wet test; VD1: Average modulus reduction on the first dry test; VD2: Average modulus reduction on second dry test; Table 7 shows the water damage index for each series. The water damage indices for the dense graded mixtures are reasonably low. This indicates that the effect of water on these mixtures is not pronounced and that the low air void content did not allow water penetration. For the open graded mixtures the contribution of water to the damage accumulation is much more important. Most probably the penetrating water has weakened the bond between binderand aggregates. Fig. 8 shows the water damage index as a function of air void content. Despite some differences in the mix design, the water damage index increases regularly with increasing air void content but approaches zero at an air void content of about 6%. This means that the water damage is significantly related to permeability for this type of material.
Water sensitivity testing using IDT
Specimens were divided into 2 subsets, one dry and one wet. The dry subset was stored at 25°C for 4 hours. The wet subset was tested after conditioning in water. It was partially saturated applying a partial vacuum of 370 to 410 mbar for 5 minutes using a vacuum chamber. Afterwards the wet subset was immersed in a water bath for 24 hours at 60°C and 2 hours at 25°C according to the procedure ASTM designation D 4867/D 4867 M -96 [12] .
From the maximum load F max determined with the IDT the indirect tensile strength (ITS) for a cylindrical specimen with the diameter d and the height h was estimated as follows:
The air void content and the ITS for dry specimens are given in Table 8 . Fig. 9 shows the influence of air void content on ITS in the dry test. It can be seen that the indirect tensile strength decreases with increasing air void content confirming previous researches [17] . Moreover, the open graded trend line is higher than the dense graded trend line which could be due to modified binder properties. In particular, the average value of the open graded mixture with 15% nominal air void content is higher than the average value of the dense graded with nominal 11% air void content.
The air void content and the indirect tensile strength for the wet specimens are given in Table 9 . Fig. 10 shows the influence of air void content on ITS in the wet test. It can be seen that also for the wet series an increase in air voids reduce the indirect tensile strength and that the open graded trend line is still above the dense graded one. Again, the average value of the open graded mixture with 15% air voids exceeds the average value of the dense graded with 11% air voids. This confirms the previous note on the effect of modified binder.
The scatter of the dense graded dry specimens is less than that of the corresponding wet specimens. This could be caused by the water infiltration creating local distress, e.g. pore pressure. In open graded mixtures, this probably does not happened due to a more regular saturation process.
Comparing the regression curves of dense graded and open graded mixtures of the dry and wet test, it can be seen that the slopes for both conditions are similar. This means that the ITS of the wet and dry series decreases almost equally fast with air void content. Therefore no significant differences were recorded between wet series and dry series. This is confirmed also in Figs. 11 and 12 . Fig. 12 shows that the curves for the dry specimens are quite close to the corresponding curves for the wet specimens.
The tensile strength radio (TSR) was obtained by comparing the ITS of wet specimens with that of the The TSR for each series is summarized in Table 10 
Cantabro test
Again, specimens were divided in 2 subsets. The dry subset was stored at 25°C for 4 hours. The wet subset was partially saturated applying a partial vacuum of 370 to 410 mbar for 5 minutes using a vacuum chamber. Afterwards it was soaked in distilled water at 60 °C ±1°C for 24 hours. This subset was tested when the specimen weight became constant. The data are shown in Table 11 .
The averages of weight loss for each series are plotted in Fig. 13 . Comparing the values of the dense graded dry series, it can be noted that the percentage of weight loss is not significantly different from a statistic point of view. Therefore no high difference is observed between the series with 5.70% and 10.57% air void content. Considering the dense graded wet series, the weight loss is again rather similar. However both series show a higher percentage of weight loss in wet condition; thus water influences the abrasion resistance.
Comparing the values of the open graded dry series, it can be noted that the percentage of weight loss increases significantly as the air void content increases [17] . This holds for the corresponding wet series too. Good abrasion resistance is noted for the series with 12.79% air void content in both conditions. For the series with 22.34% air void content high differences are noted between the corresponding dry and wet series. This means that the influence of water becomes more important with high air void content. The scatter for wet condition is greater than for dry condition; but this does not affect the above conclusions. Finally, it can be noted that the abrasion resistance of the series with 12.79% air voids is better than that with 10.57% and 5.70% air voids in both conditions. Hence, the mixture containing unmodified binder shows less resistance to abrasion than the mixture with modified binder. This confirms previous research [17] .
It is interesting to compare the increase in weight loss between dry and wet test for different mixtures as shown in Table 12 . This indicates that water leads to a higher abrasion with increasing air void content for the dense graded mixture as well as for the open graded one.
Fig. 14 presents the increase of weight loss due to water for each series confirming the trend discussed above. Interestingly, the series with open graded mixtures (12.79% air void content) is less water sensitive than the series with dense graded mixture and similar air void content (10.57%). This most probably is due the use of modified binder. 
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Fig. 14 -Rate of weight loss.
CONCLUSION
Based upon this study, the following conclusions can be drawn:
• The CAST does not show significant differences between wet to dry test for the well compacted dense graded mixtures, presumably because the water was not able to infiltrate the specimen.
• The CAST is able to discriminate between wet to dry conditions for specimens with elevated air void content. A more pronounced reduction of modulus was noted for the wet conditioning.
• The modulus decreases with increasing number of temperature cycles.
• The variation of modulus value is not constant which means that the damage accumulation is not a linear process.
• The water damage index WDI increases dramatically as the air void content increases.
• Testing only two replicas in the CAST seems to be not sufficient. More specimens should be tested in future investigations.
• The IDT is not able to discriminate between wet conditioned and dry control specimens. In addition, more scattering is observed in wet condition, which could result from irregular water penetration and local distress.
• The IDT is able to discriminate between mixtures with modified and unmodified bitumen.
• The Indirect tensile Strength ITS decreases as air void content increases for both dry and wet conditioning.
• The Tensile Strength Ratio TSR shows no dependence of air void content.
• The Cantabro test shows increasing percentage of weight loss with increasing air void content.
• The Cantabro test shows significant differences between the behavior of wet and dry conditioned specimens. The percentage of weight loss increases for wet conditioning.
• Modified bitumen improved the Cantabro abrasion resistance on both dry and wet conditioned specimens • The CAST test can be described mathematically with sufficient precision.
• The numerical modeling of the CAST is an interesting example of dealing with a complex experimental setup.
• The CAST test is a valuable and versatile tool for research, which can be used for modulus determination and water sensitivity studies.
• It can be used to assess the properties of cores from the road applying the same loading vectors as on the road.
• The test can be easily adapted to simulate processes in a pavement that cannot be assessed by other tests.
Summarizing, the three test methods can be characterized as:
• The IDT is a simple test addressing only the static process of water damage evolution.
• The Cantatro test is simple too but addresses rather the abrasion resistance.
• The CAST is a sophisticate tool for research allowing a more profound insight in the nature of damage evolution.
